Pulmonary extravascular (PEW) and intravascular (PBV) fluid volumes were measured during cardiac catheterization by a multiple indicator-dilution technique in 21 cardiac patients at rest and during exercise.
Diffusible indicators
Extravascular space Pulmonary edema RECENT developments in the measurement of pulmonary extravascular fluid volume have facilitated the simultaneous estimation of pressure, flow, and fluid volumes in the pulmonary circuit. This measurement allows direct evaluation of the factor defining pulmonary edema. Previous studies on resting subjects and animals have related the measured pulmonary extravascular volume to pulmonary edema, central vascular pressures, clinical symptomatology, and pulmonary blood volume. 14 Exercise is one of the dynamic states which may precipitate pulmonary edema. Deter-Pulmonary circulation mination of fluid volumes during exercise may give information on the dynamic influences of pressure and flow on measured pulmonary intravascular and extravascular fluid volumes. To our knowledge there is no information available regarding the simultaneous measurement of intravascular and extravascular fluid volumes during changing conditions in man except for preliminary studies from this laboratory.5 6 The present study will explore the effect on pulmonary intravascular and extravascular fluid volumes of changing pressure, flow, and metabolic alterations associated with exercise in patients with various forms of heart disease.
Methods Patient Material
In 21 patients, pulmonary intravascular (PBV), and extravascular (PEW) volume determinations' were included as part of regular diagnostic catheterizations. Ages of the patients varied from 22 to 66 years. Of the total group, three were considered hemodynamic normals, having central pressure and flow measurements Circulation, Volume XLUV, October 1971 within accepted normal values and no detectable valvular disease. Thirteen had mitral valve disease, predominantly stenosis. Of these 13 patients, three had restenosis following previous mitral commissurotomy, and two also had evidence of recurrent pulmonary embolism. Three patients had aortic valve disease, one had combined aortic and mitral valve disease, and one had myocarditis. None of the patients had evidence of intracardiac shunts. The physical and clinical findings for these patients are presented in table 1 . In all cases, the diagnosis was supported by multiple clinical and laboratory studies. In some, it was confirmed at surgery. The functional cardiac classification from 0 to IV is according to the criteria adopted by the New York State Heart Association.
There was no clinical evidence of alveolar edema in any individual at the beginning of the investigation. However, two patients (R.S. and T.P.) developed pulmonary rales and became rather dyspneic during exercise. In these two patients, the investigative procedure was shortened.
Procedures
The investigation was performed in the morning with the patient fasting since the previous evening meal. No figure 1 .
The pulmonary extravascular water (PEW) was determined from the difference in transit times between THO and indocyanine green:
Symbols are the same as used in the previous formula.
Pulmonary circulation studies9 have shown that it is more exact to consider the variation in red cell and plasma transit velocity in calculating flow and PEW. However, these corrections affect actual values and relationships by small amounts and are not included in this presentation.
Hematocrit was measured from brachial artery samples in duplicate microhematocrit tubes. Body surface areas were calculated by the method of DuBois. The reproducibility of PEW determinations in this laboratory has been previously presented. 4 25 TIME (SECONDS) Figure 1 Comparison of a typical set of indicator-dilution -curves. Dyes were injected simultaneously. BA = brachial artery; BSP = bromsulphalein; IG = indocyanine green; LA = left atrium; PA = pulmonary artery; THO = tritium-labeled radioactive water.
2, blood gas and pH data in Abbreviations: C = condition; CO = average cardiac output (liters/min); E = exercise; HR = heart rate (beats/ min; MTT PBV = mean transit time for pulmonary blood volume (sec); MTT PEW = mean transit time for pulmonary extravascular water volume (sec); BA = mean brachial artery pressure (mm Hg); PBV = pulmonary blood volume (ml); PEW = pulmonary extravascular water volume (ml); PBV = pulmonary blood volume (ml); PBV/m2 = pulmonary blood volume (ml/m2); PEW/m2 = pulmonary extravascular volume (ml/m2); LA = mean left atrial pressure (mm Hg); PA = mean pulmonary artery pressure (mm Hg); R = rest. Relationship of PEW to mean left atrial pressure during exercise. This relationship is statistically significant. Abbreviations same as in figure 2.
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Rest Exer Figure 4 Changes in PBV and PEW from rest to exercise. In most individuals both volumes increased with exercise; however, in a few these volumes remained stable. Two of the patients developed dyspnea with exercise, and rales, which had not been previously present, were audible at the lung bases. Alveolar edema had probably developed during the investigation. The time of exercise was shortened, but some measurements were still obtained. The data for these two patients are presented in table 4 . Pressure, heart rate, and blood gas changes were similar to patients without signs of alveolar edema. Increase in cardiac output was, however, less. Pulmonary blood volume and PEW increased in these two patients.
Discussion
The theoretical framework and practical application of the labeled-water technique in the estimation of pulmonary extravascular water volume (PEW) have been previously discussed in communications from this and other laboratories.1w [10] [11] [12] [13] [14] [15] As performed here, this technique apparently measures a perfused pericapillary and adjacent interstitial volume.'1 Although this measured volume does not represent the total extravascular fluid, it, nevertheless, constitutes a major portion, as verified by autopsy techniques on animal lungs."
In man, pulmonary extravascular water volume has been evaluated in several communications." 2, 16 Increased PEW has been demonstrated in patients (1) with functional capacity of classes II, III, and IV (NYHA), (2) with congestive heart failure, and (3) Assuming normal capillary response during exercise in the group of nonmitral patients, one would expect that the measured PEW increases would exceed the 5 ml/mm Hg predicted from the experimental filtration coefficient. This measured increase could be attributed to capillary recruitment and/or dilatation at increased hydrostatic pressures. In figure 7 we observe that this is the case. We would also expect that individuals with mitral stenosis would be unable to invoke capillary recruitment and/or dilatation and thus have similar PEW increases to those predicted. This is also observed in figure 7 where PEW increases in patients with mitral valve deficiency are similar or below those predicted from filtration alone. This is even 
